Impact of doping and diameter on the electrical properties of GaSb nanowires The effect of doping and diameter on the electrical properties of vapor-liquid-solid grown GaSb nanowires was characterized using long channel back-gated lateral transistors and top-gated devices. The measurements showed that increasing the doping concentration significantly increases the conductivity while reducing the control over the channel potential and shifting the threshold voltage, as expected. The highest average mobility was 85 cm 2 /VÁs measured for an unintentionally doped GaSb nanowire with a diameter of 45 nm, whereas medium doped nanowires with large diameters (81 nm) showed a value of 153 cm 2 /VÁs. The mobility is found to be independent of nanowire diameter in the range of 36 nm-68 nm, while the resistivity is strongly reduced with increasing diameter attributed to the surface depletion of charge carriers. The data are in good agreement with an analytical calculation of the depletion depth. A high transconductance was achieved by scaling down the channel length to 200 nm, reaching a maximum value of 80 lS/lm for a top-gated GaSb nanowires transistor with an ON-resistance of 26 kX corresponding to 3.9 X.mm. The lowest contact resistance obtained was 0. Semiconductor nanowires (NWs) are promising building blocks for the next-generation nanoscale electronics due to their good electrostatics enabling aggressive gate length scaling. [1] [2] [3] The nanoscale geometry of NWs may provide strain accommodation through radial relaxation enabling high lattice-mismatch heteroepitaxy on, e.g., Si substrates with high crystal quality. 4 While the synthesis, processing, and applications of III-V materials have been studied for more than a decade, research on III-Sb NWs has attracted a growing interest only recently. [5] [6] [7] [8] [9] GaSb, in particular, is an increasingly important material for a III-V p-channel metaloxide-semiconductor field-effect transistor (MOSFET) due to its high hole mobility. 10 However, the mobility is highly dependent on the materials synthesis method and device structure. It is therefore important to further study the impact of, e.g., geometry and doping on the transport properties.
Diameter-dependent charge transport has been used to characterize the impact of surface scattering on the carrier mobility for both n-and p-type nanowires. The most common observed trend is a decrease in mobility due to the stronger influence of surface scattering for smaller diameters. 11, 12 However, there have also been reports that the diameter has no impact on the mobility for InAs n-type NWs with a diameter >40 nm. 13 Apart from the diameter, doping control, which allows for determining the threshold voltage and reducing access resistances, is also crucial. The few efforts devoted to charge transport in GaSb nanowires 14 suggest a necessity for additional detailed and systematic studies. In this work, we present a comparative study of the influence of p-doping by (Zn) and nanowire diameter on the transport properties of GaSb nanowires focusing on nanowires with the diameters of about 30-70 nm.
InAs/GaSb nanowires were grown using the vapor-liquid-solid mechanism in the MOVPE system. Nanowires were grown from Au seed particles with a thickness of 15 nm and diameters of 24-32 nm patterned on the substrate consisted of an InAs epitaxial layer on Si(111) 15 by electron beam lithography (EBL). The use of EBL enables accurate control of the Au particle diameter and pitch, which is crucial for obtaining uniform nanowire length and diameter. After annealing in arsine at 500 C, an InAs stem was grown for 10 min at 420 C using trimethylindium (TMIn) and arsine with molar fractions of X TMIn ¼ 2.8 Â 10
À6 and X Arsine ¼ 1.9 Â 10 À4 , respectively. This is followed by an at least 1 lm long GaSb segment grown for 35 min at 500 C using trimethylgallium (TMGa) and trimethylantimony (TMSb) with molar fractions of X TMGa ¼ 7.0 Â 10 À5 and X TMSb ¼ 8.2 Â 10
À5
, respectively. A resulting nanowire is depicted in Figure 1 (a). Doping of the NWs is performed in-situ by adding the controlled amount of diethylzinc (DEZn) during the growth.
The ratio between the doping precursor and the group-III precursor (Ga) flow is used as qualitative measure of the doping level, where Zn was introduced at fractional molar flow of DEZn/TMGa ¼ 0.006, 0.03, and 0.06. The NWs were then transferred onto a patterned Si chip (q ¼ 0.01 X-cm) with 100 nm of thermally grown SiO 2 . Source and drain contacts were defined on lateral NWs using electron beam lithography and lift-off with a metal evaporation of 2 nm Pd/10 nm Zn/20 nm Pd/100 nm Au. Prior to evaporation, the contact areas were ashed in oxygen plasma and wetetched for 8 s in HCl:H 2 O (1:10). To enable evaluation of the contact resistance, some NWs were processed in a fourterminal configuration. All the Si/SiO 2 device chips have an evaporated Ti (30 nm)/Au (120 nm) contact on the backside to enable the use of the highly doped Si substrate as the back gate. In order to fabricate top-gated devices, a window for high-j dielectric was defined by EBL, followed by C. Finally, the gate electrode was formed using EBL, evaporation, and lift-off of 30 nm Ni and 50 nm Au. The gate was designed to fully overlap both the source and drain contacts. This defines the complete active device area with a high-j film and a top gate metal and eliminates the parasitic resistances due to ungated NW segments. All EBL patterning steps were performed using a single layer PMMA (poly-methyl methacrylate). Figure 1 depicts the SEM images of the contacted lateral single NW devices.
Electrical measurements were carried out at room temperature in ambient atmosphere, under dark conditions. The electrical properties of the GaSb NWs were first characterized using the four-point measurements to evaluate the conductivity and the contact resistance. The measured resistivity, q, for GaSb NWs grown with different DEZn flow is shown in Figure 2 (a). The not intentionally doped GaSb NWs studied as reference showed a p-type resistivity of 0.44-1.8 X-cm, while the resistivity was reduced to 0.008 X-cm by increasing the DEZn/TMGa ratio to 0.06. The values for the nanowire resistivity were obtained by approximating the nanowires with a cylindrical geometry, q ¼ RpD NW 2 /4L, where R is the measured nanowire resistance for an NW with a diameter of D NW and channel length L (Table I ). The contact resistance was obtained to be 0.2-0.4 kX (0.03-0.06 XÁmm, normalized to the nanowire circumference) for high-doped (DEZn/
, where C g is the gate capacitance per unit length and V DS ¼ 50 mV. The gate capacitance C g is determined by the series combination of oxide capacitance, C ox , and the nanowire capacitance, C q . In the diameter range of this study, C q is expected to be sufficiently large so that C g ffi C ox . Here, C ox is the coupling capacitance between the GaSb NW channel and the back gate through the 100-nm-thick SiO 2 gate dielectric, which is determined using the results from a finite element model (Comsol Multiphysics). The obtained mobility values are plotted versus nanowire diameters for different doping concentrations in Figure 2(b) . A hysteresis exists in the transfer characteristics, which sets an upper and a lower limit to the obtained mobility reported as average value for the two gate voltage sweep directions. It is worth mentioning that the contribution of the surface/interface states capacitance, C it , reduces the effective gate capacitance to C g eff ¼ C ox (C q þ C it )/(C oxþ C qþ C it ), which consequently indicates that the mobilities reported here from the field-effect transistors should be considered as a lower limit. The mobilities does not show any correlation with the nanowire doping [ Figure 2(b) ], suggesting that ionized impurity scattering is not the main limiting factor to the mobility.
To investigate how the carrier density and resistivity depend on the size of a nanowire device, the resistivity was measured for GaSb nanowires having a diameter ranging from 36 nm to 81 nm grown with DEZn/TMGa ¼ 0.03. Figure 3(a) shows that the resistivity increases as the nanowire diameter decreases for the specific dopant concentration. In addition, a diameter-independent mobility was obtained for these GaSb nanowires, as plotted in Figure 3(b) . Since the mobility is essentially independent of the diameter, the change in the resistivity has to be due to a change in hole density, p, since p ¼ 1/qql h . The extracted hole density decreases drastically for D NW < 50 nm [ Figure 3(c) ], which could be attributed to a stronger influence of a surface depletion layer formed due to interface state/trapped charges [16] [17] [18] or presence of a thin intrinsic, or even n-type, shell formed due to oxygen absorption on GaSb. 19 The radius of the conductive core (r C ) in the NWs, assuming a surface Fermi level pinning, can be obtained from the full depletion approximation. From the Gauss law, the surface potential, wðr NW Þ, is obtained as where N a is the doping concentration. 
À3
, the measured resistivity and effective carrier concentration can be well reproduced, as shown in Figures  3(a) and 3(c) . N a is chosen so that it represents an average carrier concentration for many devices. The estimated depletion width, r NW À r C , is about 6 nm for the nanowire diameters considered here.
GaSb NW MOSFETs in top-gated configuration were also characterized for NWs grown with various DEZn/TMGa ratios and diameter range of 40 nm-50 nm. The drain current as a function of gate voltage at fixed V DS ¼ 50 mV and 500 mV, obtained for the NW FETs with low doping (DEZn/ TMGa ¼ 0.006), is shown in Figure 4 . However, the device shows a lower peak g m and I ON , which is attributed to a larger depletion depth 18, 21 and an increase in contact resistances. To summarize, we have investigated the effects of various doping profiles on the transport properties of GaSb nanowires. Our measurements show that increasing the doping during the growth of GaSb NWs increased the conductivity. The average room temperature field-effect mobility from long channel back-gated devices is 85 cm 2 /VÁs for unintentionally doped nanowires with D NW ¼ 45 nm. A peak mobility of 153 cm 2 /VÁs was measured for a medium doped nanowire with a larger diameter of D NW ¼ 81 nm. In addition, mobility is shown to be independent of nanowire diameter for the diameters in the range of 36 nm-68 nm. A high transconductance was achieved by scaling down the channel length reaching a maximum value of 80 lS/lm at 200 nm L for a top-gated GaSb nanowire transistor. The lowest contact resistance obtained was 0.35 XÁmm for transistors with the highest doping concentration. In conclusion, our results highlight the importance of nanowire geometry and doping that are crucial for the further optimization of GaSb p-MOSFETs.
